The pressure drop of glass-fiber and cellulose filter media when loaded 25 with oil-coated particles was investigated. The focus of this study is to develop a 26 model describing the pressure drop of fibrous filter media under the above particle 27 loading condition. A set of experimental data collected in the previous work was 28 used for this modelling. For the cases loaded with particles having the oil volume 29 percentage less than 50%, a loaded filter was divided into two layers: one layer 30 for collecting all test particles (its layer pressure drop is estimated using the 31 modified Bergman's model) and the other layer remaining clean (its layer 32 pressure drop is calculated using the equation of Davis). The total filter pressure 33 drop is the summation of layer pressure drops. For the cases loaded with particles 34 having oil volume percentage greater than 50%, the experimental data was fitted 35 by a power equation with two parameters (i.e., the exponent, n, and critical 36 volume, V cr ). The correlations of the above parameters with the solid-core 37 diameter fraction (X), and the viscosity of coating oils were obtained for glass-38 fiber and cellulose filter media. 39 40
Introduction 43
Filtration of aerosol particles is a dynamic process. The filter loading 44 process is typically recorded as the filter pressure drop in the function of time 45
(when the size distribution of sampled particles is known) or particle 46 . for < 0.006 Davies (1953) 110
The expressions for f proposed by Happel (1959) , Kuwabara (1959) , and 111 Fuchs and Stechkina (1963) were all derived theoretically by solving the flow 112 field in a system of parallel and circular cylinders at a low Reynolds number with 113 different sets of boundary conditions. Happel assumed that the normal velocity 114
and tangential stress at the cylindrical surface are zero (Happel 1959) , whereas 115
Kuwabara assumed that the normal velocity and vorticity are zero (Kuwabara 116 1959) . However, experimental results generally indicate that the accuracy of these 117 expressions in predicting filter pressure drops is less favorable than the empirical 118 expression proposed by Davies (1953) The above equations are semi-empirical and do not take into the 126 consideration of fiber size variation in filter medium. A thorough survey by 127
Jackson and James indicated that the prediction begins to deviate from the 128 experimental measurements when the packing density is less than 0.001 (Jackson 129 and James 1986). 130
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Filter loaded with solid particles 132
Kanaoka and Hiragi developed an early theoretical model of the pressure drop 133 across a dust-loaded filter, ΔP l (Kanaoka and Hiragi 1990) . They also employed the 134 concept of summing the total drag forces acting on the dust-loaded fibers, F l , which was 135 evaluated in the manner of Newton's resistance law. The diameter of a dust-loaded fiber 136 (d fm ) was chosen as a representative parameter of dendrite structure. 137
, and (4) 138
The drag coefficient of dust-loaded fibers per unit filtration area (C dm ) and the 140 diameter of a dust-loaded fiber (d fm ) are two critical parameters in this model. They were 141 correlated with the filtration condition and collection mechanism along with the 142 dimensionless accumulated particle volume, V ac , defined as the loaded particle mass per 143 unit filter volume dividing by particle density and filter packing density. Kanaoka and 144 Hiragi further classified the rate of increase of d fm into three stages: no growth at low V ac , 145 rapid growth at intermediate V ac , and dampened growth at high V ac . This model has been 146 claimed as applicable to predict the pressure drop of a dust-loaded filter under any 147 filtration conditions (Kanaoka and Hiragi 1990) . However, the value of d fm and C dm are 148 difficult to be estimated theoretically. They were given by empirically fitting with the 149 accumulated volume of captured particles and cannot be determined without performing 150
experiments. 151
Instead of evaluating the drag forces of particle dendrites formed by deposited 152 particles, Bergman et al. (1978) considered the particle dendrites as newly formed fibers 153
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8 and modified the equation of Davies to include an additional pressure drop due to 154 these newly formed fibers. In addition, to correct the interference between the 155 dendrites and filter fibers, they increased the fiber and dendrite volume fraction 156
where L p can be evaluated as follows: 159 In our previous experimental study (Hsiao and Chen 2015) , the co-solvent method 232 was applied for generating oil-coated particles. A master solution of oil-coated particles 233 was prepared by mixing two parent solutions, coating oil dissolved in 2-propanol and 234 potassium chloride (KCl) dissolved in DI water, using a volume ratio of 1:1. Four coating 235 oils (DEHS, light mineral oil, castor oil, and glycerol) were selected and tested. 236 Accordingly, the loading curve of a filter loaded with oil-coated particles changes from 237 that of a filter loaded with pure solid particles to that of a filter loaded with pure liquid 238 droplets as the thickness of the liquid coating increases. When the liquid volume 239 percentage is less than 50%, the pressure drops of glass-fiber filters and cellulose filters 240 are primarily caused by the solid fraction of the loaded oil-coated particles. More, 241 the loading curve for a low-surface-tension liquid become independent of the 242 liquid's viscosity because the total loaded volume is multiplied by the solid 243 volume percentage. In other words, it was found that all the curves are more 244 closely positioned for both the glass fiber and the cellulose filter media, when the 245 pressure drop evolution curves were re-plotted using the solid core particle 246 volume per unit filter area as the abscissa (Hsiao and Chen 2015) . Thus, the 247 model for a filter loaded with oil-coated particles having a liquid volume 248 percentage of less than 50% can be established based on the modified Bergman's 249 method. Because the impaction is the major filtration mechanism in filter media 250 used in our previous testing, the front layer was assumed to collect all particles, 251 and the rear layer was assumed to remain as a clean filter. Thus, the total pressure 252 drop ΔP, of a filter medium is then the linear sum of the pressure drops across 253 these two layers, and Eqn. (3) and Eqn. (8) were used to estimate the values. 254
The thickness of the front layer (Z fL ) is the critical parameter for the 256 model's predictions, and was estimated from scanning electron microscopy (SEM) 257 images of the loaded filters. The depths of the front layers used for the glass-fiber 258 filter and cellulose filter were 190 μm and 55 μm, respectively. The other filter 259 characteristics required for the model are listed in Table 2 , and α p was calculated 260 based on the loaded particle volume. 261 262 Table 2 . Characteristics of the test filter media. 263 As shown in Figure 1 To establish an empirical model for calculating the filter pressure drop 289 when loaded with oil-coated particles, the data reported in Hsiao and Chen (2015) 290 were used. The detail information about different oil-coated particles and the 291 corresponding loading behaviors can be found there. In this study, the data for 292 loading with glycerol-coated particles were not include in this fitting. It is because 293 the surface tension and viscosity of glycerol are very different from those of other 294 coating liquids. More, the effects of surface tension and viscosity on filter 295 pressure drop was difficult to qualitatively differentiate based on the data 296 previously collected. Therefore, the parameters, V cr and n, were only correlated to 297 the viscosity of coating liquids in this work. 298
To illustrate the fitting result, both V cr and n parameters are plotted as the 299 fraction of solid core in the overall particle diameter (X), instead of the volumetric 300 percentage of coating liquid. The solid-core diameter fractions in oil-coated 301 particles corresponding to 0%, 20%, 50%, 88%, and 100% of liquid-volumetric 302 percentage were 1.0, 0.93, 0.79, 0.49, and 0. As shown in Figures 3 and 4 (for  303 glass-fiber and cellulose filter media, respectively), the values of V cr and n 304 M A N U S C R I P T 15 became invariant when the solid core diameter fraction was greater than 0.79 (for coating 305 liquids with similar surface tension). The effect of liquid viscosity on the fitted V cr and n 306 parameters was negligible. However, below the above critical diameter fraction, the V cr 307 and/or n values started to vary. The observed variation was then correlated with the 308 viscosity of coating liquids. 309
For the glass-fiber filter, as the solid core diameter fraction approached 0, the 310 value of V cr for different coating liquids approached to the same value (Fig. 3) . It implied 311 that the surface tension effect dominated the viscosity effect when loading pure liquid 312 droplets (mist) on a glass-fiber filter medium. Differently, the variation in the power n for 313 different coating liquids was minor for glass-fiber filter media (Fig. 4) . The parameter of 314 where X is the diameter fraction of solid core in oil-coated particles. 317
For cellulose filter media, the variation of V cr and n values as a function of solid-318 core diameter fraction were rather complex (Fig. 5 & 6) . It is because not only could 319 coating liquid flow over the fiber surfaces of cellulose media but also be absorbed by 320 fibers (Hsiao and Chen 2015) . More, the viscosity of coating liquid completely affected 321 the relative position of the loading curves in a range of solid core diameter fractions. To 322 include the viscosity effect in the filter pressure drop model, Table Curve 3D   TM   was used  323 to establish the relationship among V cr , n, liquid viscosity, and solid-core diameter 324 fraction of test particles in the cases with cellulose media. Note that the same procedure 325 was also applied to the parameter, V cr , in the cases with glass-fiber filter media. 326
In the analysis, we normalized the values of V cr for different liquids by the 327 V cr,liq when filter media was loaded with pure liquid particles, and normalized the 328 viscosity of coating liquids, μ liq , by the water viscosity, μ w . As shown in Figure 7 , 329 8 and 9, all three sets of data can be fitted by a polynomial equation, Eqn.
(19). 330
The parameters included in Eqn. (19) are listed in Table 3 . In general, the values 331 of V cr and n can be obtained from Eqn. (18) Bergman's model for solid-particle loading was modified to predict the filter pressure 356 drop evolution up to four times of the initial filter pressure drop. In this part of the 357 modeling, a loaded filter was assumed to have two layers: one layer to collect all oil-358 coated particles, and the other one remained as a clean medium. The thickness of the first 359
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18 layer can be measured from SEM images. The total pressure drop of loaded filter 360 media was then assumed to be the summation of layer pressure drops. 361
For loading with particles having the liquid volume percentages greater 362 than 50%, a power equation with two parameters, i.e., the exponent (n) and 363 critical volume (V cr ), was introduced to fit the experimental data. The correlations 364 of the above two parameters with the solid-core diameter fraction and oil viscosity 365
were obtained for a glass-fiber filter and a cellulose filter media. Tables  503   504   Table 1 .
Drag coefficients (f) for an individual cylinder fiber. 505 Table 2 .
Characteristics of the test filter media. 506 Table 3 .
Fitting constants for different V cr and n. 507 
